Biosurfactants are employed in several industrial applications which require a high purity level. However, the downstream purification processes are responsible for a large portion of the expenses incurred by biosurfactant production plants. The high costs associated with these processes turn their application on a large scale a challenge for companies. This study aimed to evaluate the influence of the purification step on the capacity of the rhamnolipid produced by a Pseudomonas aeruginosa strain to recover oil. Both purified and non-purified biosurfactants were efficient in their ability to recover oil. The best result, for the API gravity oil of 27.67, presented a total Recovery Factor of 47.45±1.78%, in which 10.2±0.85% corresponds to the MEOR. However, the results show that non-purified biosurfactant was more efficient in terms of amount of oil recovered during the MEOR stage. This demonstrates that the purification step may not be necessary, reducing the production costs of the rhamnolipid.
INTRODUCTION
Typically, 35 to 55% of the oil remains trapped in the reservoir after primary and secondary recoveries (Fan et al., 2018; Safdel et al., 2017) . Nevertheless, the demand for energy and the depletion of conventional oil reserves continue to increase. These factors are the main motivation for scientists to explore more efficient methods of increasing oil recovery when water injection is no longer an economically viable alternative (Geetha; Banat & Joshi, 2018; Malik et al., 2016; Zendehboudi et al., 2013) .
The oil trapped must be extracted by different enhanced oil recovery techniques, such as miscible gas injection, polymer injection, and thermal methods (Zahid & Sajid, 2007) . The use of chemical surfactants is the technique which is most used by the oil industry for enhanced oil recovery over the decades (Curbelo et al., 2008; Mulligan, 2005) . Surfactants have the capacity to reduce oil-water interfacial tension, requiring better capillary pressure to mobilize the oil Thus, the development of low-cost effective techniques that lead to improvements on enhanced oil recovery is one of the most attractive topics of recent research (Safdel et al., 2017) . In this context, the Microbial Enhanced Oil Recovery (MEOR) emerges as a potential low-cost technique (Desai & Banat, 1997; Khajepour et al., 2014) .
MEOR is considered a tertiary recovery technique which can extract the residual oil by using microorganisms or their products (e.g. Rhamnolipids are produced mainly by Pseudomonas aeruginosa (Desai & Banat, 1997; Hassan et al., 2016) . This biosurfactant has the potential to emulsify the crude oil, reducing the oilwater interfacial tension and, therefore, mobilizing the trapped oil (Mcinerney; Nagle & Knapp, 2005; Zhao et al., 2016). However, its large-scale production is still a challenge, mainly due to downstream processing and purification issues, which can represent from 60 to 70% of the production costs ( Therefore, in this article, a rhamnolipid was produced from a Pseudomonas aeruginosa strain isolated from an artificially contaminated soil. The biosurfactant was studied following two approaches, after a purification process and in its crude form (fermented, free of cells), to evaluate the influence of the purification step related to the features and abilities of the product. Both of them were evaluated for their ability to reduce the water surface tension and to emulsify crude oil and, consequently, their ability to increase the rates of oil produced after conventional recovery.
MATERIALS AND METHODS

Bacterial strain
We used a stain of Pseudomonas aeruginosa, sourced as reported by Câmara et al. (2019). The strain was isolated from a soil artificially contaminated, and stored at -20 °C in skim milk.
Rhamnolipid
The biosurfactant was produced in 125 mL erlenmeyers containing 50 mL of the medium, which were incubated at 30˚C, under a stirring of 200 rpm, for 10 days on a rotary shaker. The medium used was optimized in prior experiments (125 g/L of glycerol, 3.86 g/L NaNO 3 , 0.5 g/L MgSO 4 .7H 2 O, 1.0 g/L K 2 HPO 4 , and 0.5 g/L KH 2 PO 4 ). As inoculum, a nutrient solution of peptone (2 g/L) was used, which remained in shaker at 200 rpm and 30 °C for 24 h (Miguez et al., 2012). After inoculation, the medium had an initial concentration of 15 mg/L of cells.
After 10 days of fermentation, the medium was centrifuged at 3500 rpm for 20 minutes. Thereafter, the cell-free medium was separated into two samples, one remained in its raw state and another went through the purification process.
To purify the biosurfactant, the cell-free supernatant was subjected to an acid precipitation. The medium was adjusted to a 2.0 pH with a 6 mol/L solution of hydrochloric acid (HCl) and spent approximately 12 hours (overnight) at a temperature of 4 °C. Subsequently, the biosurfactant precipitate was separated by centrifugation at 3500 rpm for 20 min and washed with acidified water (2.0 pH) twice, to remove remaining impurities, such as bacterial cells. Finally, the precipitate was dissolved in distilled water and the pH was adjusted to 7.0 with a solution of sodium hydroxide (NaOH) 1 mol/L (El-Sheshtawy et al., 2015; Pereira et al., 2013).
Biosurfactant characterization
Crude and purified biosurfactant were diluted in distilled water to generate solutions ranging from 25 mg/L to 260 mg/L. They were used to determine the surface tension and emulsion rate of the crude oil.
The surface tension (ST, mN/m) was determined by a Phoenix® tensiometer at 25 °C by the pendent drop method. The results were obtained through an image processing system coupled to a computer in which the bending curvature profile of each drop contained at the tip of the needle was analyzed to determine the ST (Song & Springer, 1996) . A tendrop measurement was used to calculate the arithmetic mean and standard error. With these results, a curve relating surface tensions and their respective concentrations was projected to determine the critical micelle concentration (CMC), i.e., the concentration at which the formation of micelles starts (El-Sheshtawy et al., 2015).
The rhamnolipid solution emulsification activity was determined by the emulsion index (E 24 ). In general, 2 mL of the biosurfactant were placed in a test tube, together with 2 mL of petroleum. After vigorously stirring the solution for 2 min, the test tube was held for 24 h at room temperature and, then, the emulsion heights were measured. The emulsion index was calculated from the ratio of the emulsion height to the total height 
Evaluation of superficial concentration excess of the biosurfactant at the interface
In aqueous solutions, surfactants generally have two trends. The first one is its adsorption at the interface, and the second one is its aggregation and the formation of micelles. The first option corresponds to the surfactants equilibrium activity at the interface ( According to Gibbs, the surface excess concentration is given by the isotherm slope before the CMC value. This can be seen in Equation (1) (1)
Where: γ = the surface tension at equilibrium (mN/m) for a surfactant solution concentration C (mol/L) R = the universal gas constant (8.314x10 -3 kJ/mol•K) T = the temperature (K), and = the curve slope before the CMC value.
From the value, it is possible to estimate the surface area occupied by each surfactant molecule, in m 2 , as denominated by A in Equation (2). (2) Where:
Recovery trials
Preparation of the synthetic sandstone plug
The recovery trials used synthetic sandstone plugs, which were composed of 0.4 g/g clay from Lagoa dos Velhos (RN, Brazil) and 0.6 g/g of sand from Redinha beach (Natal/RN, Brazil). The mixture was hydrated with water and, then, compacted at 19.61 MPa and sintered at 850 °C during 3 h (Costa et al., 2017).
A porosity value of 20.49±0.69% was obtained for the produced plug. This property was determined by the capillary rise method, in which the pore volume is obtained from the mass difference between the dry plug and the plug totally saturated with water. Thus, the porosity was obtained by the ratio between pore volume, corresponding to the volume of water absorbed, and total volume, which is calculated by the measurements made with a caliper. The result obtained is consistent with the values of natural sandstones used in enhanced recovery studies (Costa et al., 2017).
The permeability of the developed plugs presented an average value of 36.24±1.88 mD. This property was determined through an experiment using the fluid injection system (Costa et al., 2017), shown in Figure 1 . Thus, the pressure and data obtained, along with the water viscosity, the length and the sandstone straight section area were applied in Darcy's Law for linear flow.
Brine
A saline solution, composed of 2% m/v of potassium chloride (KCl) and 0.2% m/v of calcium chloride (CaCl 2 ), was used in the injection of fluids to simulate conventional recovery, as well as salinity of a reservoir (Câmara et al., 2019). These were chosen because they are the most typical salts present in oil reservoirs at the Fazenda Belém Field (CE, Brazil).
Petroleum
The oil provided for this study by the Fazenda Belém Field (CE, Brazil) is classified as a heavy oil (API gravity of 14). Due to its high viscosity, it was not possible to use the crude oil directly in the fluid injection system. In addition, the oil did not fit into the indication range of surfactant injection as enhanced recovery method. Therefore, three solutions of 300, 400 and 500 g/L of oil were prepared, diluted in S10 diesel, presenting API gravity values of 30.34, 27.67 and 21.90, respectively. The first two oil solutions can be classified as medium, while the third is in the transition between medium and heavy. Thus, the oil samples studied were consistent with the viscosity of the petroleum present in the studied reservoirs.
Microbial Enhanced Oil Recovery (MEOR)
Recovery assays were performed on the same fluid injection system shown in Figure 1 , according to the method described by Câmara et al. (2019) . Briefly, the sandstone plug was first saturated with the saline solution at a flow rate of 1 mL/min for 100 min followed by the petroleum solution. This second step also had a duration of 100 min and occurred at a flow rate of 1 mL/min. Subsequently, the saline solution was again injected at a flow rate of 0.7 mL/min for 85 min. This step aimed to simulate conventional recovery and 20 samples were collected, which were then analyzed to determine the amount of oil recovered. Finally, the rhamnolipid solution with a concentration of 50% above the CMC was injected following the previous step to simulate the MEOR. The ideal concentration of biosurfactant was defined in a previous work, which indicated that high concentrations of surfactant favor the formation of emulsions. It difficults the oil/water separation in treatment units (Curbelo; Garnica, & Neto, 2013). The experiments were performed in triplicate.
Analysis of the petroleum samples
The separation of the organic phase from the petroleum samples obtained in the conventional and enhanced recovery experiments was performed by the addition of a fixed volume of kerosene to each sample, followed by shaking and centrifugation. Subsequently, the organic phase was diluted, when necessary, and readings were taken on the UV-Visible spectrophotometer, Model 50 Conc, at 400.1 nm, to allow the calculation of the oil concentration from the previously elaborated calibration curve (Câmara et al., 2019) .
RESULTS AND DISCUSSION
Surface activities of the biosurfactants produced
The surface tensions of both biosurfactants produced, cell-free extract and purified extract, were measured as a concentration function, as shown in Figure 2 . As can it be seen in the figures, the surface tension of pure water decreases rapidly as the concentration of the biosurfactant increases. In this study, the rhamnolipid present in the cellfree extract was able to reduce the surface tension from 72 to 35.26 mN/m and the CMC was found at 127 mg/L (as shown in the left y-axis in Figure 2 ).
The rhamnolipid biosurfactant that underwent a purification process was able to reduce the surface tension from 72 to 40.79 mN/m at a CMC of 110 mg/L (as shown in the right y-axis in Figure 2 ). The highest value of CMC obtained for the cell free extract, i.e. that were not purified, can be attributed to the presence of impurities in the solution that can delay the formation of micelles, requiring a higher concentration of biosurfactant molecules in the solution (Pornsunthorntawee et  al., 2008) .
The lowest reduction of the surface tension to the purified biosurfactant can be attributed to the purification process itself. Since it is necessary to 
Adsorption at the water-air interface
From the data obtained through the surface tension as a function of the rhamnolipid concentration, it was possible to determine the adsorption parameters at the water-air interface. These values were determined based on the adsorption isotherms using the Gibbs Equation for non-ionic surfactants. The values are summarized in Table 1 .
These results indicate that, due to the greater area occupied by the purified surfactant, a smaller amount of surfactant molecules is required to saturate the interface ( ) (Santos et al., 2009) . Additionally, the structural differences in the hydrocarbon chains are responsible for the configuration of the micelles (Castro Dantas et al.,  2002) . These results justify the large surface area per molecule for the purified bioproduct. Besides, it is in accordance with the fact that the rhamnolipid molecules undergo protonation of the carboxylate ions during the purification process.
Emulsification rate
The ability of both rhamnolipids to stabilize an emulsion was evaluated for a concentration range from 50 mg/L to 260 mg/L. This methodology was adopted because this property is a function of the concentration of the biosurfactant in the medium (Cooper & Goldenberg, 1987; Deepika et al.,  2016) .
Similar to what occurred with the reduction of surface tension, the ability of the non-purified rhamnolipid to emulsify the oil was greater than that of the purified biosurfactant. The maximum emulsification rate (E 24 ) was 69% and 65%, respectively. However, both results are consistent with other studies, which obtained an emulsion rate of 68% (Amani et al., 2010) and 85% (Amani,  2015) .
Therefore, as the emulsification depends on the formation of micelles, the acidification of the solution to the purification of the biosurfactant can also cause alterations in this process due to the protonation of the carboxylate ions (Sousa et al.,  2014) . This modification in the structure allowed the purified rhamnolipid to obtain lower emulsification rates. However, the results obtained showed that both extracts are suitable candidates for application in MEOR.
Microbial enhanced oil recovery (MEOR)
The results of the six MEOR tests developed in this work, for the three types of oil and two types of biosurfactant, were represented in a relation between the Recovery Factor (%) and the pore volume injected, in Figures 3 and 4 . The first parameter is the relation between the recovered oil volume and the volume of oil present in the rock. The second parameter is the ratio between the injected fluid volume and the pore volume of the rock, which is a dimensionless measure. By adopting these parameters, it is possible to compare results obtained in reservoirs of different dimensions.
For the six studied situations, a stabilization of the oil production occurred after the injection of approximately six pore volumes of saline solution. It indicates that there is no longer oil production in the conventional recovery process, requiring the adoption of a tertiary recovery method. For all the considered situations, the recovery factor after the saline injection did not exceed 40%, as shown in Table 2 . This result is in accordance with what happens in oil fields, where 50 to 60% of the oil remains trapped in the reservoir after secondary recovery In all the cases studied, the largest oil removal during tertiary recovery occurred after the injection of four pore volumes. This increase in the oil production was related to the reduction of interfacial tension between water and oil due to the increase in biosurfactant molecules present in In general, the results presented values consistent with those obtained in previous studies. In tests performed with the rhamnolipid produced by P. aeruginosa SP4, a total recovery factor of 57.01±0.58% was obtained (Pornsunthorntawee et al., 2008) . For the biosurfactant produced by Enterobacter cloacae strain, it was possible to obtain a total recovery factor of 50.5%, of which a value of 4.4% was obtained after the injection of the microbial fermentation product (Khajepour et  al., 2014) . The highest total recovery factor of previous studies can be attributed to the experimental methodology applied, since the study carried out with P. aeruginosa SP4 used a compacted sand column system and the one performed with the Enterobacter cloacae used a glass microstructure system. By using synthetic sandstone plugs, this study approached the conditions in studied oil reservoirs (Costa et al., 2017) , both referring to the rock (Bryant et al., 1994) and to permeability (Safdel et al., 2017) .
In view of the results, one can observe that the oil with the highest API grade obtained a greater factor of conventional recovery. This fact is justified by the distinct mobility between water and more viscous oils (lower API gravity), which favors the formation of preferential paths (Thomas, 2001) . In addition, oil solutions with higher API gravity favor the formation of asphaltene aggregates (Mozaffari et al., 2015) . They are adsorbed at the water-oil interface causing different interface behaviors and making oil recovery difficult (Liu et al., 2017; Soleymanzadeh et al., 2018) .
As an exception, the recovery factor of the conventional oil of API gravity 27.67 was the smallest among all oil samples used during the experiment with the purified biosurfactant, reaching a value of approximately 31.39%. It is related to the permeability of the three used sandstones, which was an average value of 33 mD, considerably lower than the general average of 36 mD. This parameter exerts a great influence on the amount of oil extracted and has to be considered during the evaluation of the results. The reason is because the permeability is a crucial variable to evaluate the performance of the oil recovery, since it measures the ability of the fluid to flow through a porous system (Anderson, 1986; Craig Jr., 1993; Khajepour et al., 2014) . Besides that, the pore morphology determines the limit of the capillary pressure required for the oil mobilization (Armstrong, Wildenschild, and Bay, 2015).
Nevertheless, the non-purified rhamnolipid obtained better results for all the studied oils, i.e., a higher recovery factor of the enhanced stage. The largest difference was obtained for the oil with API gravity of 27.67 which, using the non-purified biosurfactant, obtained an enhanced recovery rate approximately 98% higher than the purified biosurfactant. For the heavier oil this difference was 12% and for the lighter oil it was 50%. Although both were used at a concentration of 50% above CMC, this result can be justified by the presence of additional compounds in the nonpurified extract, such as other metabolites produced by the bacteria and the non-metabolized substrate. These substances can act synergistically with the biosurfactant promoting greater mobilization of petroleum (Fernandes et al., 2016) . Thus, the results achieved in this study indicate that downstream purification processes may not be necessary. These processes are responsible for a significant portion of the of large-scale production costs of biosurfactant. Although, despite the differences presented, both biosurfactants studied proved to be effective in increasing the recovered oil factor after conventional recovery. They showed significant results when compared to other biosurfactants and synthetic surfactants. This can be attributed to the presence of two carbon chains in their chemical structure, which causes a greater hydrophobic nature of the compound and results in good oil solubilization and recovery (Pornsunthorntawee et al., 2008) .
CONCLUSIONS
In this study, the biosurfactant produced by a Pseudomonas aeruginosa strain after undergoing a downstream purification process was able to reduce the water surface tension to 40.79 mN/m and to emulsify the oil at a rate of 65%. These characteristics demonstrate the ability to use purified rhamnolipid in enhanced oil recovery processes.
However, the cell free extract (non-purified biosurfactant) also presented evidences to be a good candidate for application in MEOR. It was able to reduce the water surface tension to 35.26 mN/m and to emulsify the crude oil at a rate of 69%.
In view of this, both purified and non-purified biosurfactants were evaluated for their ability to recover oil. In all the developed trials, for the three types of oil studied, the non-purified biosurfactant increased the recovered oil factor more efficiently after the conventional recovery. The best result obtained was for the oil with API gravity of 27.97, reaching a Total Recovery Factor of 47.45±1.78%, of which 10.24±0.85% corresponds to the improved recovery by microorganism.
Therefore, this work demonstrates that rhamnolipids can be used efficiently in MEOR applications. In addition, it emphasizes that the application of high investment purification processes may not be required, since the presence of additional compounds into the extract can act synergistically promoting a greater oil removal.
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